1) Introduction

26
Membrane gas absorption (MGA) has been investigated as an alternative to 27 conventional packed towers which use solvent absorption for the capture of CO 2 from the 28 flue gas streams produced by fossil fuel-fired power plants. This approach provides higher 29 surface-to-volume ratios and thus a smaller equipment footprint [1] . These contactors also In a membrane-based gas-liquid contactor process, a hydrophobic membrane material 34 acts as a barrier between the incoming flue gas and the absorption solvent [5] . This 35 membrane prevents the solvent from entering the gas phase while allowing the gas to 36 permeate through the membrane and be absorbed into the solvent. At the industrial scale, the 37 solvents that are most commonly used for absorption are alkanolamines such as 38 monoethanolamine (MEA) or diethanolamine (DEA) [6] . However, these alkanolamines are 39 highly corrosive [6, 7] and are readily degraded in the presence of oxygen [8] , so that their 40 absorption capacity will decrease over time. Moreover, the thermodynamic stability of the 41 carbamates also dictates that the desorption of CO 2 from the solvent for solvent reuse and 42 CO 2 storage will require an extremely high energy penalty [9] .
43
To reduce the energy penalty from the desorption process, alternative solvents such as 44 potassium carbonate (K 2 CO 3 ) may be used, as has been demonstrated in the case of the 45 Benfield absorption process [10] . However, the absorption kinetics for K 2 CO 3 are far slower 46 than that of MEA or DEA [1, 11] 
2) Theory
105
The CO 2 flux, N CO2 , from the gas to the liquid side in a membrane contactor can be 106 represented by:
where K is the overall mass transfer coefficient, C G is the gas phase CO 2 concentration and
108
C G * is the gas phase CO 2 concentration that is in equilibrium with the CO 2 concentration in 109 the bulk liquid phase.
110
When the concentration of dissolved CO 2 in the liquid is small, C G * is small relative 111 to C G and can therefore be eliminated from Equation 2. The overall mass transfer coefficient 112 can then be related directly to the feed gas pressure P based on the ideal gas law:
where R is the gas constant and T is the absolute temperature.
114
The overall mass transfer coefficient K for the chemical absorption of CO 2 using a 115 microporous membrane can then be described as a function of the liquid phase mass transfer assuming that there is no liquid in the membrane pores:
The value of k L o can be determined from shell-side correlations relating the Sherwood number (Sh) to 142 the Reynolds number (Re) and the Schmidt number (Sc). In this study, the correlation developed by 143 Costello et al. [33] for Re < 350 was used (Equations 11 -13). 
The degree of pore wetting can then be taken to be [1] : images.
194
These membranes were packed into a membrane module housing (internal diameter any NCA as control systems.
214
Other hollow fiber modules were prepared by pumping polyelectrolyte solution into 215 the module chamber until the chamber was filled. The solution was then allowed to remain in 216 contact with the hollow fibers for 5 min (static mode) before washing with Milli-Q water at 217 20 mL/min for 10 min.
218
Other PP modules were also prepared by forcing polyelectrolyte solution across the 219 membrane into the lumen side (permeation mode). This was achieved by using a needle valve 220 to restrict the flow of the polyelectrolyte solution out of the shell side exit, which increased 221 the transmembrane pressure to a point where the solution could penetrate the membrane 222 structure and cause complete wetting.
223
Most modules were used directly for contactor experiments after the final wash step.
224
Where indicated, some modules were dried before use by passing nitrogen gas through the 225 lumen side of the hollow fibers at a flow rate of 1 L/min for 2 h. 
Operation of Hollow Fiber Membrane Contactors
228
A pilot plant gas absorption unit described previously [1] was utilized for these 
SEM Microscopy of the Hollow Fiber Membranes
256
In our previous work, we showed that it was possible to obtain uniform coverage of a 
The Influence of Polyelectrolyte Layer Buildup onto PP Fibers on the Absorption of CO 2
283
The overall mass transfer coefficients for CO 2 absorption through PP hollow fibers suggests that the liquid phase is not rate controlling, but rather, membrane wetting contributes 288 significantly to the membrane mass transfer coefficient.
289
The addition of pure polyelectrolyte films containing no enzyme in pump through Reynolds number also suggests that the role of membrane resistance is declining relative to 299 the liquid phase resistance.
300
This reduction in pore wetting can be confirmed by application of Equations 4 to 17.
301
For PP fibers that were not coated, the reaction enhancement factor is calculated to be 1.06
302
(Equations 5-7), which is in good agreement with results published elsewhere [1] . With this 303 enhancement factor known, the pore wetting can be estimated as 4% for these unmodified PP Table 4 ).
307
However, the adsorption of a single trilayer of NCA within these polyelectrolyte films higher NCA loading and an increase in the surface coverage of the membrane.
The pore wetting factors determined in the absence of any enzyme, can now be used 314 to calculate the enhancement factors for these enzyme containing systems, again using
315
Equations 11 to 17 (Table 4) . There is a clear increase in the enhancement factor when the 316 number of NCA deposition cycles is increased from 1.9 with one trilayer to 6.9 with three 317 trilayers containing NCA (Table 4) . This increased enhancement factor confirms that the 318 addition of more enzyme layers is both increasing reaction rates as well as reducing pore factor are also observed (Table 4) . 
Investigating the Effects of Membrane Drying on the Mass Transfer Performance
338
It can be observed that the fibers dried with N 2 after static adsorption prior to 339 conducting the solvent absorption experiments behaved in a comparable manner to those that 340 had not been dried ( Figure 6 ). These comparable mass transfer coefficients indicate that the 341 polyelectrolyte adsorption process did not itself wet the membrane pores and also that the
342
NCA activity is only slightly reduced after this drying process. In contrast, when the 343 polyelectrolyte solutions are forced to permeate through the membrane pores, the overall 344 mass transfer coefficients fall to 59 ± 3% of the static mode values, even after drying with N 2 .
345
The lower mass transfer coefficients arising from coating in permeation mode could whether it was free or immobilized.
368
However, the module with free CA also suffers from greater pore wetting as discussed 369 above. The enhancement factor is actually greater for the free CA case, as it needs to 370 counteract this increase in pore wetting to achieve the same mass transfer rate. Indeed, the 
A Comparison Between the PP and the PDMS Membrane Performance
383
The overall mass transfer coefficient of the unmodified PDMS membrane is 384 comparable to that of the unmodified PP membrane, which implies that the impact of the 385 dense non-porous PDMS layer is comparable to the impact that is provided by the membrane However, the overall mass transfer coefficients for this PDMS membrane are still much 409 greater than the mass transfer coefficients exhibited by the unmodified membranes.
410
In contrast with the PP membranes, the PDMS membranes have a dense nonporous
411
PDMS layer on the membrane surface and thus will not experience any wetting. In this case, (Table 4) . non-porous PDMS system is likely to be the better option over long time frames.
436
The surface coverage of the film on the PP membrane surface was not completely 
